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Abstract 
The carbon steel Ball Valves are having wide application in processing industry based on quality and reliability. These valves are 
manufactured by advanced casting techniques to meet international standards. This casting technique has critical complication of shrinkage 
defects in solidification phase and needs improvement. This article investigates the effect of mild steel chills on steel casting in sand mould to 
minimize shrinkage defects. An experimental study has been conducted on carbon steel WCC (ASTM A216/A 216M WCC) ball valve body 
casting using ms chills. In this investigation four parameters are considered namely chill distance, chill thickness, pouring temperature and 
pouring time to minimize the shrinkage defects. Experiments were conducted based on Taguchi L16 orthogonal array design matrix was 
developed for our investigation. The analysis was done using statistical tools, analysis of variance (ANOVA) and second order mathematical 
model was developed using response surface methodology (RSM). This work reveals that chill thicknesses are having significant contribution in 
solidification to minimize the shrinkage defects.  
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Ball valves are extensively used in all type of industries in fluid service lines and high pressure applications. 
Body of 10” Ball Valves is preferred in this analysis, with two piece flange end type according to API 608 design 
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Nomenclature 
SFD Source to film distance  
F  Focal spot size 
ug Geometric un-sharpness 
Dof         Degrees of freedom 
SS          Sum of squares 
S/N         Signal to noise ratio  
d            Chill distance in mm  
t             Chill thickness in mm 
Pt            Pouring temperature in 
oC     
PT           Pouring time in sec  
Va Average shrinkage volume in cc 
 
 
standard. The casting process involves with various quality improving parameters. Casting uncertainties are studied 
by [1] in terms of defects occurring in controlled casting processes due to several factors affecting reliability and 
quality. Shrinkage cavity formation in the casting are identified by [2] due to non availability of molten metal during 
solidification as hot spots were surrounded by colder metal due to varying temperature distribution. The major 
shrinkage defect on valve flange during solidification is identified in this work to improve quality parameter of 
casting. The rapid solidification of molten metal and possibility of internal shrinkage defects is discussed by [3].  
Further [3,4] has reported that the use of chill speeds up the solidification processes and also directional 
solidification in the sand casting takes places which results in minimized casting defects. The metal is poured into 
the mould and an air gap is formed between chill and cast, further this air gap causes minor heat transfer delay in 
thermal behaviour.  
 
Modeling study of [4] for solidification of leaded red brass flange had revealed the effect of hot spots. The 
hot spots make delay in solidification process and increases shrinkage cavity and this is controlled by introducing 
chills in the mould. The Taguchi’s design of experiments method has applied by [5] to optimize the process 
parameter in CO2 casting for analyzing the casting defects. Subsequently, [6] has used Taguchi’s Robust Design of 
experiments to investigate the various parameters affecting casting process. Similarly work of [7] considered 
moisture, sand particle size, green compression strength, mould hardness, permeability, pouring temperature, 
pouring time and pressure test for optimizing the sand casting process parameters. DoE and ANOVA has applied by 
[8] to analyse the influence of process parameters of slow shot, fast shot and upset pressure in SAE305 alloy die 
castings of double cylinder compressor engine cover. The significance of fast shot, upset pressure and its interaction 
amounts to formation of porosity defect are identified. Further, Design of experiment has implemented [9,10,11] to 
determine best of process parameters interactions, changing quantities, levels of each control factor for obtaining 
optimized result. These control factors are set at three levels which is having greater influence on the response 
variables. The advantage of DoE is presented by [2] over traditional methods, it reduces the number of experiments 
trials to be conducted at each level of control factors. The available works focused on optimizing six casting process 
parameters they are clay content, moisture content, ramming, sand particle size, metal fluidity, and gating design. It 
is identified that only few research works are available on solidification pattern studies with effect of MS chills on 
steel casting using Taguchi orthogonal array integrated with Response surface methodology. Response surface 
methodology is a statistical techniques applied to analyze problems with a number of variables that influenses the 
response and also to optimize the response variable [27].In this investigation the effect of four influencing control 
parameters like chill distance, chill thickness, pouring temperature and pouring time were analyzed and response 
surface methodology was applied to predict the shrinkage defect in casting. This experimental work has brought 
significant results for carbon steel WCC casting and the effects of MS chill on the casting defects. 
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2. Ball Valve Model and Chill 
    The ball valve body with two piece flanged end is preferred in this work and model is shown Fig 1. In this casting 
process, bottom portion of ball valve flange has occurred shrinkage defects and further investigation is focused to 
minimize shrinkage defects. The mould  prepared in automatic moulding machine with alpha set resin process using 
silica sand, mixture of 98% silica , 0.03% clay contents of AFS (American Foundry Society) index 46, 0.01% 
moisture. The mould attains compression strength of 16 Kg/cm2 after eight hour.  
 
                                               
 
                            Fig. 1.  10” Ball Valve body                                                                             Fig.2. Casting with Chills 
 
The chemical composition of carbon steel WCC is mentioned in Table 1.  
Table 1. Chemical composition of carbon steel. 
Chemical Composition - % 
Element Weight % Element Weight % 
C 0.211 Mo 0.005 
Si 0.405 Cu 0.007 
Mn 0.899 V 0.004 
S 0.020 Al 0.049 
P 0.026 CE 0.371 
Cr 0.034 RE 0.063 
Ni 0.013 - - 
 
    The carbon steel melted in one tone induction furnace to maximum temperature up to 1600 C for up to 65 minutes 
and poured into the mould at four varying pouring temperatures and time. The casting was allowed to solidify for 12 
hour and by knockout method cast is separated from the mould. The risers, gating channels are removing from cast 
body using gas cutting and final casting attains 198 kg weight. The casting is further annealed by heating up to 920 
C and same temperature is maintained for four hours and then air cooled. Fettling is done to remove the excess 
material. Mild Steel Chills are selected for this investigation to promote directional solidification. The high range of 
shrinkage defect is identified at bottom flange in the current casting process. A pair of mild steel Chills of size 80 x 
80 mm is positioned at the bottom of the flange and mentioned in the Fig 2. The chills are poisoned in mould using 
nails to avoid dislocation and maintain direct contact with casing surface.    
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3. Design of Experiment 
    Taguchi method identified [12] as an efficient design of experiment (DoE) technique for a systematic approach 
and to optimize parameters with minimum number of experiments. Taguchi defines the quality of a product along 
with total loss imparted by the product to the society from time of product shipped to customer.  
 
    The parameter design of Taguchi method by [13] has includes following steps: (i) Identification of quality 
characteristics and selection of design parameters to be optimized , (ii) determination of the number of levels for the 
design parameters,(iii) selection of the appropriate orthogonal array and assignment of design parameters to the 
orthogonal array, (iv) conducting of the experiments based on the arrangement of the orthogonal array, (v) analysis 
of the experimental results using the S/N and ANOVA analyses, (vi) selection of the optimal levels of design 
parameters, (vii) verification of  optimal design parameters through the confirmation experiment. 
 
    Some of these losses are due to the variation from products actual functional characteristics and these 
uncontrollable characteristics are called noise factors.  The response value are transformed into signal to noise ratio 
to measure the quality characteristics deviating from the desired value, a larger S/N ratio has better quality 
characteristic. The optimum level of process parameter is determined based on the S/N ratio having a greater value.   
The three categories of S/N ratio are given by Eq (1) - (3) 
 
Smaller the better                       21/ 10logS N y
n
  ¦              (1)  
Nominal the best                          2/ 10log
y
yS N
s
                                (2) 
Larger the better                          
2
1 1
/ logS N
n y
  ¦              (3) 
 
    The proper size of chill and locating in best position is minimizes shrinkage defects in casting process. The 
selection of control factors and its number of levels in the process are very important in parameter optimizing. The 
four major influencing factors of chill distance, chill thickness, pouring temperature and pouring time with four 
levels are shown Table 2. The distance between a pair of chill positioned at minimum distance of 30 mm for four 
levels with 10 mm interval to maximum distance of 60 mm, chill minimum thickness ranges between 25 mm and 40 
mm with 5 mm increment, the pouring temperature of molten metal is maintained from 1570 C to 1600 C for four 
level, and pouring time of molten metal is selected of minimum 35 sec to maximum of 50 sec four levels. The total 
degree-of-freedom (Dof) for four control factors each at four levels is calculated as 13. The L16 (45) taguchi 
orthogonal array was employed which requires 16 experimental trails. 
 
                                                          Table 2. Process Parameter and levels. 
Parameters Level 1 Level 2 Level 3 Level 4 
Chill distance             - d  30 40 50 60 
Chill thickness           - t  25 30 35 40 
Pouring temperature  - Pt  1570 1580 1590 1600 
Pouring time              - PT    35 40 45 50 
 
4. Shrinkage Identification 
    The experiment trails were conducted on the actual production line based on the L16 design matrix and 16 
experiment trials had conducted. The casting samples in each experiment processed through Radiography test to 
locate internal solidification defects of shrinkages using ROLI – 1 camera. The camera uses Iridium-192 with the 
maximum strength of up to 1.3 TBq (35 curies) and has a testing range from 10mm to 70 mm of steel or equivalent. 
The SFD (source to film distance) has calculated as 406.4 mm in this work using Eq (4).  
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F×Job Thickness
SFD = 
ug
                                                                                                                (4) 
 
    The gamma ray from source was made to penetrate through the casting body and exposure time for penetration 
was maintained as 13.2 minutes to capture results in x-ray films. The processed radiographic films sample shown in 
Fig 3 show the size and location of shrinkage defect in the casting body. The RT x-ray is assigned for the severity 
level based [14] on the ASTM standards for steel casting.  
                                    
Fig.3. Radiography Film showing shrinkage cavities                                            Fig.4. Shrinkage Cavity 
        
5.  Result and Discussions  
    The shrinkage defect casting based on radiographic films result is preferred for further cavity analysis. The 
internal shrinkage cavities are reached by gouching from surface area as mentioned in the Fig 4. The analysis was 
carried out using statistical software for design of experiment. The volume of shrinkage cavity is measured by filling 
soft clay in the cavity in cm3. The clay is filled for three times to measure volume, average volume is considered for 
further analysis and mentioned in Table 3. The Taguchi method has proposed by [13] to uses the S/N ratio for 
measure quality character deviating from desired value. The term ‘signal’ represents desirable value (mean) for 
output characteristic and term ‘noise’ represents undesirable value (S.D.) for output characteristic. The S/N ratio is 
calculated as ratio of mean and SD of the shrinkage volume. In this work smaller the better characteristic Eq (1) is 
applied to determine the S/N ratio for shrinkage volume based on chill distance, chill thickness, pouring temperature 
and pouring time to find the optimum value for minimizing the shrinkage defects in casting. The calculated S/N 
results for different combinations of process parameters like chill distance, chill thickness, pouring temperature and 
pouring time is shown in Table 3. 
 
                                        Table 3. Experimental results with calculated S/N ratio. 
Trial d   t  Pt   PT    Va   
S/N Ratio 
(dB) 
1 30 25 1570 35 72.16 -37.1659 
2 30 30 1580 40 58.13 -35.288 
3 30 35 1590 45 30.25 -29.6145 
4 30 40 1600 50 20.14 -26.0812 
5 40 25 1580 45 73.07 -37.2748 
6 40 30 1570 50 62.05 -35.8548 
7 40 35 1600 35 50.44 -34.0555 
8 40 40 1590 40 25.16 -28.0142 
9 50 25 1590 50 78.36 -37.8819 
10 50 30 1600 45 70.12 -36.9168 
11 50 35 1570 40 35.25 -30.9432 
12 50 40 1580 35 25.24 -28.0418 
13 60 25 1600 40 85.16 -38.6047 
14 60 30 1590 35 60.13 -35.5818 
15 60 35 1580 50 55.12 -34.8262 
16 60 40 1570 45 30.18 -29.5944 
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    The formation of shrinkage defect during solidification in casting of steel is caused due to many factors. The 
influence of major factors at different levels for the formation of shrinkage volume is tabulated; the Table 4 shows 
effects and ranking of various parameters on Shrinkage defect. The Delta value is calculated as difference of 
minimum and maximum value of the signal to noise ratio for each level of the parameter. The rank of the response is 
arrived on ascending order as 9.80, 2.61, 1.14 and 0.5. It is reflects in response table, size of the chill has a greater 
influence over quality of casting process. 
 
                                                                             Table 4. Response table for signal to noise ratio. 
 d  t  Pt  PT   
1 -32.04 -37.73 -33.39 -33.71 
2 -33.80 -35.91 -33.86 -33.21 
3 -33.45 -32.36 -32.77 -33.35 
4 -34.65 -27.93 -33.91 -33.66 
Delta 2.61 9.80 1.14 0.50 
Rank 2 1 3 4 
 
    The main effect of the various parameters that influence in the formation of isolated hot spots which is later forms 
shrinkage cavity during solidifying can be visualized in the Fig 5 for different level. 
 
Fig.5 Main Effect Plot for S/N ratio 
 
    The Fig 5 reveals that the shrinkage cavity volume is minimum when chill distance at level 1 (30 mm), chill 
thickness at level 4 (40 mm), pouring temperature at level 3 (1590 oC) and pouring time at level 2 (40 sec). The 
statistical analysis of variance is applied to investigate the design parameters which significantly influence in 
formation of shrinkage defect in casting. The analysis was carried for a level of significance at 5%, at level of 
confidence at 95%. The parameter which affects quality of the casting mentioned in Table 5, that the influence of 
chill thickness in affecting shrinkage cavity is significantly larger than the Chill Distance, Pouring Temperature and 
Pouring Time. The percentage of contribution column in the Table 5 indicates each factor influence on the result. 
The percentage contribution of chill distance is 4.72%, chill thickness is 92.68%, pouring temperature is 2.24% and 
pouring time is 0.5 %. The R2 value of 97.45% and the adjusted R2 value of 87.27% obtained from the ANOVA.  
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                         Table 5. Analysis of Variance for S/N ratio. 
Source DoF Seq Sum  of Square 
Adj Sum  
of Square Mean Square F  P-value 
Percentage  
of  Contribution 
Chill Distance 3 316.19 316.19 105.40 1.81 0.319 4.72 
Chill Thickness 3 6206.04 6206.04 2068.68 35.49 0.008 92.68 
Pouring Temperature 3 150.02 150.02 50.01 0.86 0.549 2.24 
Pouring Time 3 24.06 24.06 8.02 0.14 0.931 0.36 
Residual Error 3 174.89 174.89 58.30    
Total 15 6871.20      
 
5.1 Response surface Methodology 
 
    The response function shrinkage volume is a function of chill distance, chill thickness, pouring temperature and 
pouring time  can be expressed as 
 
   V  = f( , t, P , P )a d t T                                                                                                                                                             (5) 
 
    The second order polynomial equation with interaction effect of the parameter was developed using software 
packages.    
 
V  = 620.95936-53.34578 d -40.61021 t - 0.22849 P +52.78767 P +0.060539 dt+0.031975 dP + 0.025960 dP
          +0.021810 tP +0.010066 tP - 0.033938P P  
a t T t T
t T t T               (6)
 
                
 
 
    The equation (6) is used to predict shrinkage volume for a particular design point.  
 
                        Table 6. Analysis of variance for shrinkage volume . 
Source Sum of 
Squares 
Dof Mean Square F  p-value 
Model 6788.75 10 678.88 41.17 0.0004 
d 107.82 1 107.82 6.54 0.0508 
t 1012.90 1 1012.90 61.43 0.0005 
Pt 113.93 1 113.93 6.91 0.0466 
PT  56.55 1 56.55 3.43 0.1232 
d x t 34.39 1 34.39 2.09 0.2083 
d x Pt 49.77 1 49.77 3.02 0.1428 
d x PT 17.58 1 17.58 1.07 0.3491 
t x Pt 9.51 1 9.51 0.58 0.4819 
t x PT 1.29 1 1.29 0.078 0.7910 
Pt  x PT 57.85 1 57.85 3.51 0.1199 
Residual 82.45 5 16.49   
Cor Total 6871.20 15    
Std. Dev.  4.06  R-Squared 0.9880  
Mean 51.94  Adj R-Squared 0.9640  
C.V. % 7.82  Pred R-Squared 0.8154  
PRESS 1268.39  Adeq Precision 19.818 
 
 
 
The adequacy of the response surface polynomial model was further justified through ANOVA and the 
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results are presented in Table 6 . It shows that the chill thickness and pouring temperature have significant effect on 
shrinkage volume. Where as the chill distance, pouring time, second order of linear interaction chill distance, chill 
thickness, pouring temperature and pouring time have no significant effect on the shrinkage volume. The table 6 
reveals that the determination coefficent R2 is 98.8% of the total variability and the value of adjusted determination 
coefficient adjusted R2  of 96.4% is very high indicates the greater significants in the model. The predicted R2 value 
of 81.54% is in good agreement with the the adjusted R2. Adequate precision value of 19.818 is adequate for the 
model to perform well in prediction.The model F-value of 41.17 implies the model is significant and the model F 
value of this large could occur due to noise.  
 
The three dimensional surface plot for the measured response were created based on the model equation. A total of 
six response surface plot were produced for the second order interaction model taking response in the Z axis and the 
two parameter in X and Y axis. The minimum shrinkage volume estimated from response surface plot is 19.77 
which are obtained from the optimum casting process parameter at the chill distance of 30.64mm, chill thickness of 
37.90 mm, pouring temperature of 1574.91 oC and pouring time of 48.47sec. 
 
6. Conclusion 
    The design of experiment investigation of shrinkage defect was carried out on the actual production line of the 
steel ball valve’s flange area using MS chills. In this analysis it is observed that the chill thickness has a greater 
influence on the formation of the macro shrinkage cavities. The size of shrinkage cavities are influencing by 
thickness of chill, which is a critical parameter over other parameters like chill distance, pouring temperature and 
pouring time. The statistical analysis tool has identified that chill thickness has contribution of 92.68% in formation 
of shrinkage cavity. The combination of chill distance of 30.64 mm, chill thickness of 37.09 mm, pouring time 48.47 
sec and pouring temperatures 1574.91 oC is identified as the optimum parameter for getting minimum shrinkage 
defect. Further direction of research can be focused on identified other chill material to minimize the shrinkage 
cavities.  
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